ABSTRACT: The Ruyang (Mesoproterozoic; Pt 2 ) and Luoyu (Neoproterozoic; Pt 3 ) groups in the southern North China Platform are dominated by peritidal siliciclastic rocks and contain abundant microbially induced sedimentary structures (MISS), including multidirected and mat-protected ripple marks, mat chips, mat-smoothed ripple marks, various sand cracks, and irregular growth ridges. These MISS can be grouped into four MISS associations, each of which has distinctive MISS morphology resulting from changes in depositional environments. The upper subtidal to lower intertidal zone commonly lacks in situ MISS but contains redeposited mat chips. The upper intertidal zone is characterized by mat-protected ripple marks and mat chips. The lower supratidal zone is rich in various MISS, especially the large and morphologically complex sand cracks indicative of growth of thick mats in microenvironments with low hydrodynamics, sufficient moisture level, and frequently exposed substrates. The upper supratidal zone abounds with small sand cracks formed from relatively thin microbial mats. The morphological associations from tidal-flat deposits of the Ruyang and Luoyu groups are similar to those found in modern siliciclastic coastal environments. Similarities in MISS between modern and Proterozoic tidal flats suggest that the MISS morphological associations can be used for paleogeographical and paleoenvironmental reconstructions, especially in Precambrian siliciclastic successions.
INTRODUCTION
Modern microbial mats are formed by benthic microbes and their interactions with sedimentary particles in depositional environments through binding, trapping, and baffling (Gerdes et al. 2000 , Noffke et al. 2006a . Various kinds of microbes, such as cyanobacteria, sulfatereducing bacteria, and Fe-oxidizing bacteria, have been involved in mat formation, but filamentous and coccoidal cyanobacteria are more common in modern microbial mats (Stolz 2000 , Noffke et al. 2003 , Baumgartner et al. 2006 . Microbes can form a very complex stratified ecosystem with interfering metabolic cycles that are not yet fully understood (Krumbein 1986 , Stal 2000 , Stolz 2000 . As one of the main components in microbial mats, extracellular polymeric substances (EPS) can bind sediment grains with the bacterial coccoids and interweave filaments together in a mat so that the stability of sediments is greatly enhanced (Decho 1990 , Gerdes et al. 2000 , Sarkar et al. 2008 . Microbial mats have a great influence on sedimentation through microbial metabolisms and through interactions with other environmental processes, forming various microbially induced sedimentary structures (MISS) in sediments and sedimentary rocks (Schieber 1998; Golubic et al. 2000; Noffke et al. 2001a Noffke et al. , 2003 Noffke et al. , 2006a Noffke et al. , 2006b Schieber et al. 2007 ). MISS, therefore, can be used not only as evidence for ancient life (Noffke et al. 2003 (Noffke et al. , 2008 Noffke 2005 Noffke , 2009 ), but also as indicators recording the interaction between microbes and depositional environments (e.g., Noffke et al. 2001a Noffke et al. , 2008 Shi et al. 2008a Shi et al. , 2008b . In the last decade, several classifications have been proposed for MISS (Gerdes et al. 2000 , Noffke et al. 2001a , Schieber 2004 , Eriksson et al. 2007a ), all of which emphasize the interaction of microbes with sedimentation. According to Schieber (2004) , MISS can be classified as mat-growth, metabolism-related, mat-destruction, and mat-decaying features (Sarkar et al. 2006; Eriksson et al. 2007a; Shi et al. 2008a Shi et al. , 2008b . However, in ancient siliciclastic successions, especially in sandstones, due to their porous property and their formation commonly in oxic shallow-water environments, the MISS related to mat growth, metabolism, and mat decay were rarely preserved and/or are difficult to identify. Instead, MISS related to mat destruction are much easier to recognize because of their distinctive shapes and composition compared to the host rocks (Hagadorn and Bottjer 1999 , Eriksson et al. 2007b .
Microbial Mats in Siliciclastic Depositional
The study of microbes in siliciclastic environments did not receive considerable attention until the 1980s, when some important evidence for microbes and their activities were reported from peritidal siliciclastic sediments (Gerdes et al. 1985) . In the early stage, knowledge about MISS came from modern siliciclastic sediments (e.g., Gerdes et al. 2000 , Noffke et al. 2001b and from a few examples in ancient siliciclastic strata (e.g., Hagadorn and Bottjer 1999 , Pflüger 1999 , Eriksson et al. 2000 . Recent studies on MISS have extended across stratigraphic units from Archean to Phanerozoic and have indicated that MISS were more common than expected in peritidal siliciclastics and in environments where metazoans had largely been suppressed. Chronologically, most of the reported MISS are from Precambrian, with a few also reported from highly stressed periods for metazoans or from intervals after mass extinctions in the Phanerozoic, such as in the Early Silurian (Pflüger 1999 , Kahle 2001 , Late Devonian (Whalen et al. 2002) , and the Permian-Triassic (P-T) transition (Pruss et al. 2004) . Paleoecologically, most of the reported MISS are from marine environments, with only a few known from ancient desert sediments (Eriksson et al. 2000) and lacustrine facies (Prave 2002) .
In this paper, we report the well-preserved MISS from the siliciclastic-dominated Mesoproterozoic and Neoproterozoic successions in the southern North China Platform. We mainly focus on the morphological associations of MISS in various facies zones and discuss their relations to the depositional environments. Based on the knowledge of both modern and ancient MISS, and through a comparison with the model proposed by Bose and Chafetz (2009) for modern MISS in coastal environments, we propose a general model for the distribution of MISS in Proterozoic coastal environments.
GEOLOGIC SETTING
During the Mesoproterozoic and Neoproterozoic, a passive continental margin setting, facing south to the proto-Qingling ocean, has been suggested for the southern North China Platform (Figs. 1, 2A ) (Lu et al. 2008) . During this period, the southern North China Platform was dominated by shallow-water siliciclastic environments (epicontinental sea), with some short periods shifting to fluvial and glacial environments (in the Ediacaran period) (Zhou et al. 1998 , Wang et al. 2000 . In general, the epicontinental sea became shallower northward, with the shoreline located approximately in a west-east direction along the northern part of Henan province ( Fig. 2A) .
In the study area, the Upper Paleoproterozoic consists of the Xiong'er and Xiyanghe groups, which are characterized by thick suites of volcanics and coarse-grained siliciclastic rocks that have been FIG. 1.-Tectonic framework of North China showing the major tectonic units (modified from Lu et al. 2008) . The study area is located at the southern North China Platform, which has been interpreted as a passive continental margin during Mesoproterozoic and Neoproterozoic time.
The proto-Qingling ocean was in the south of the study area.
strongly metamorphosed, suggesting deposition from a continental rift system (Ma et al. 2002) . The overlying Mesoproterozoic (Pt 2 ) Ruyang Group and the Neoproterozoic (Pt 3 ) Luoyu Group are composed mainly of siliciclastic rocks deposited from coastal to shelf environments. The contact between the Paleoproterozoic and Mesoproterozoic is marked by a sharp angular unconformity, implying a significant change in tectonic regime (Wang et al. 2000 , Ma et al. 2002 , Lu et al. 2008 . The Ruyang Group is divided into the Xiaobeigou and Yunmengshan formations (Fig. 2B ) and consists mainly of purplish, thick-bedded quartz sandstone and mudstone, with conglomerates in the lower part and stromatolite-bearing dolo-arenite in the upper part.
Overall, the Ruyang Group shows a clear fining-upward trend (Fig.  2B ). The Luoyu Group consists of eight formations and contains four siliciclastic-carbonate cycles; each of these cycles is dominated by sandstone and siltstone, and is capped, in the uppermost part, by carbonates that contain well-documented stromatolites (Fig. 2B, C) . The total thickness of the Mesoproterozoic and Neoproterozoic succession in the study area (Lushan area in Henan Province; Fig. 2A ) is about 2200 m thick. At least 14 recognizable depositional sequences have been identified (Fig. 2B, C) . These sequences constitute five major sedimentary cycles. In this study, we focus on the six main types of sedimentary facies (Fig. 2D ) that were studied for MISS (Table 1; Fig. 3 ).
In addition to these six main facies types (Table 1) , the Luoquan Formation consists of glacial diamictites that were deposited in coastal marine environments, and the Lower Cambrian Xinji Formation is composed of shallow-marine phosphorous sandstone and carbonates (Fig. 2C) .
All the MISS studied in this paper come from the Ruyang Group (Pt 2 ) and Luoyu Group (Pt 3 ) in the Lushan area, western Henan Province (Figs. 1, 2A ). They are especially abundant in the intertidal to lower supratidal facies and are dominated by mat-destruction structures, with varied morphology in different facies (facies 2-5 in Table 1 ; Fig. 2D ).
MAIN MISS TYPES AND THEIR ORIGINS

Mat Chips
Mat chips are well represented in the Yunmengshan Formation, and they are especially abundant in sediments of the upper intertidal zone. They usually occur along cross-bedding surfaces (Fig. 4A, B) , are circular to elliptical in shape, and are 4 cm by 5 cm in size but less than 5 mm in thickness. The differences between chips and the hosting rock are quite distinct. Chips are generally dark purple to black in color, and mainly of fine-grained quartz in composition, while the hosting rock is light pinkish to yellowish, coarse-grained quartz sandstone (Fig. 4C) . Occasionally, the chips themselves form well-rounded gravels (Fig.  4D) , distinct from the hosting rock, which is mainly of argillaceous to ferruginous sandstone with minor gravels.
Mat chips are interpreted to have derived from the tearing and breaking up of microbial mats under strong hydrodynamic conditions. For instance, during spring tides, high-energy tidal streams could break thick, stabilized mats into fragments (chips) and randomly distribute them over the tidal flat (Noffke et al. 2008) . In some cases, folded margins are seen in mat chips, indicating that mat chips were derived from a strongly viscous substance such as microbial mats (Pflüger and Gresse 1996, Sarkar et al. 2006) . The abundance of mat chips decreases with increasing water depth, indicating that mat chips were most likely derived from the mats in low supratidal to intertidal environments, and some of them were transported to subtidal environments by waves or tides.
Multidirected and Mat-Protected Ripple Marks
Multidirected ripple marks have been reported widely from Precambrian strata Porada 2007, Sarkar et al. 2006) . A widely accepted explanation for this structure is that, due to the protection of mats, some of the earlier-formed ripple marks may not have been completely erased when the new set of ripple marks was formed. With time, several generations of ripple marks with varying directions are superimposed on each other, resulting in patches of multidirected ripple marks (Noffke et al. 2008 ). In the Beidajian Formation, abundant mat-protected ripple marks ( Fig. 4E ) and multidirected ripple marks (Fig. 4F, G) are clearly shown on bedding surfaces, with a wavelength of usually 2-5 cm. The best examples for these kinds of structures in modern coasts are those reported from the peritidal environments of Mellum Island in southern North Sea (Noffke 1998 , Noffke et al. 2008 . We believe that the formational processes and mechanisms for the multidirected ripple marks in Mellum Island can be used to explain the similar structures observed in the Proterozoic strata of the Lushan area.
Mat-Smoothed Ripple Marks
Mat-smoothed ripple marks are well developed in the Yunmengshan Formation (Fig. 4H ). Ripple marks are partially covered by dark-colored, No MISS fossilized mats, particularly in troughs between ripple crests. In part of the surfaces, fossilized mats cover the entire ripple marks and fill the troughs between ripple crests, making the original ripple marks hardly recognizable (e.g., the upper left part in Fig. 4H ). These features indicate that the ripples must have formed before microbial mat colonization and were later smoothed by the development of microbial mats. Mat-smoothed ripple marks imply growth of thick microbial mats in intertidal-supratidal environments. In modern peritidal environments, microbial mats up to 3 cm thick (or even thicker) are observed in troughs between ripples crests (Bose and Chafetz 2009 ). Due to the differential growth rate, microbial mats would eventually fill the ripple troughs and flatten or smooth the original ripple marks completely.
Sand Cracks
Sand cracks are the most common type of MISS seen in sandstones deposited from lower supratidal environments. Various cracks, such as spindle-shaped, bird-foot-like, irregular polygonal, and some other shapes (Figs. 5, 6A), have been observed from the Proterozoic sandstones in the study area. In plane view, spindle-shaped cracks are present as isolated straight ridges or slightly curved sandy ridges above the bedding plane. They have tapering ends and are generally 1-3 cm in length. Sometimes, the sand cracks contact with each other, but without a truncation relationship (Fig. 5A) . In vertical section, the ridges of sand cracks are oval-shaped bodies attached to the bedding plane, 1-3 mm high, with a slightly curved or elliptical bottom rather than ''V''-shaped convergence (Fig. 5B ). These features distinguish them from mud cracks of purely depositional origin. Sand cracks are found to be associated with ripple marks, mostly in troughs between ripple crests (Fig. 5C ). In some cases, spindle-shaped cracks form a radial pattern, with several short cracks connecting at a common node (Fig. 5D ). Each branch in the crack is nearly straight, ranging from 1-6 cm in length and showing 3-5 mm of positive relief above the bedding plane (Fig. 5D ). Polygonal reticulate cracks are expressed as interconnected, nearly straight sand ridges in plane view, and in vertical section, they display as ridges with positive relief above the bedding plane (Fig. 5E-H) . Small sand ridges are 2-5 mm wide and 1-3 mm high (Fig. 5G) , while the large ones can be 2-5 cm wide and up to 6 cm high (Fig. 5F ). Occasionally salt pseudomorphs are seen in association with the polygonal sand cracks (Fig. 5E ). Sand cracks may also show different orders (Fig. 5H ) and generations (Fig. 5D) . In Figure 5H , the larger and wider ridges represent the earlier-formed cracks, which constitute the framework of reticulation, while the smaller ridges within the reticulations represent the later-formed cracks. In Figure 5H , cracks of four different orders can be identified on the same bedding plane. In Figure 5D , spindleshaped sand cracks from different bedding planes overlap with each other, recording superposition of sand cracks of multiple generations.
The ridges in reticulate sand cracks may vary significantly in width and height, which may be related to variations in mat thickness (Noffke et al. 2001b , Shi et al. 2008a , Bose and Chafetz 2009 . Thick mats would curl along the margins when drying and shrinking, forming cracks with broad ridges. The height of the ridges raised above the bedding surface approximately reflects the mat thickness. When the thickness of multilayered mats is greater than 2 cm, because of differential shrinking in each layer, some of the layers will come off and stack together with curled margins. This process increases the height of the sand ridges because multiple generations of microbial mats may have been involved in the formation of large sand ridges. This is consistent with earlier findings in recent and Pleistocene coastal facies, where mat cracks with sand ridges higher than 2 cm were interpreted as having resulted from the superimposition of several ''mat growthexposure-cracking'' cycles (Noffke et al. 2001b ). In the study area, reticulate sand cracks with ridge heights up to 6 cm have been observed in the Yunmengshan Formation (Fig. 5F ). These cracks were most likely formed through superposition of several generations of microbial mats.
The formation of sand cracks requires the development of thick microbial mats and substrate exposure for thick mat layers to shrink. The lower supratidal zone provides the required conditions, and thus sand cracks are widely distributed in this zone (Gerdes et al. 2000 , Shi et al. 2008a , Bose and Chafetz 2009 . The presence of salt pseudomorphs confirms that the reticulate sand cracks were derived from exposure, shrinkage, and cracking of microbial mats in supratidal environments. The morphology of sand cracks depends mainly on the thickness of the microbial mats and duration of subaerial exposure (Eriksson et al. 2007b) . In general, spindle-shaped cracks record incomplete mat shrinkage when exposure time is short. As duration of exposure increases, bird-foot-shaped cracks and reticulate cracks of complete shrinkage would be produced (Eriksson et al. 2007b , Shi et al. 2008a . The height and width of the sand cracks are often closely related to the thickness of the microbial mats (Noffke et al. 2001b) ; therefore, the thickness of the microbial mats can be approximately estimated from the ridge height of the sand cracks (Noffke et al. 2001b, Bose and Chafetz 2009) . In general, the exposure duration for matcovered areas in peritidal environments largely depends on the paleobathymetry and distance from the coastline. Areas with sufficient moisture supply to support mat growth but far enough away from the coastline to allow sufficient exposure during dry periods would be ideal for the formation of sand cracks of complete shrinkage (i.e., reticulate cracks).
Some other types of sand cracks, such as sinuous sand cracks (Manchuriophycus-like), are also found in the lower supratidal zone (Fig. 6A) . These types of crack were once thought to be a kind of macroalgae or trace fossil, but they were later regarded as pseudofossils (see review by Hofmann 1971) . These cracks display as ''S''-shaped, 2-3-mm-wide sand ridges along ripple troughs. They are interpreted as having formed from uneven shrinkage of mats; i.e., the mats in ripple troughs are relatively thicker, while those on ripple crests are thinner (Pflüger 1999 , Ericksson et al. 2007b . During early stages of substrate exposure, residual water in ripple troughs promotes mat growth faster than in ripple crests, leading to variations in mat thickness. During subsequent exposure, differential mat shrinkage leads to the formation of cracks following margins of thick microbial mats (Pflüger 1999 , Shi et al. 2008a ).
Growth Ridges
Mat growth ridges (Fig. 6B) are derived from the changes in direction and rate of mat growth, and, in most cases, they show as small ridges to irregular networks on the bedding plane (Gerdes et al. 2000 , Shi et al. 2008a ). Individual ridges are 1-3 mm wide and 0.5-2 mm high, and the reticulations are usually less than 1 cm in diameter. These structures are much smaller in scale than reticulate sand cracks generated by mat shrinkage, and they belong to the structures related to mat growth (Schieber 2004 , Eriksson et al. 2007a . Growth ridges only occur on the mat surface, and they are rarely known in ancient rocks due to weathering (Shi et al. 2008a ). In modern peritidal environments, however, they are common (Gerdes et al. 2000 , Gerdes 2007 , Noffke et al. 2003 , Banerjee and Jeevankumar 2005 . Previous studies have reported similar structures from Precambrian strata (Shi et al. 2008a (Shi et al. , 2008b , but some of them have been interpreted as wrinkle structures (Prave 2002, his Fig. 2a ), or ''elephant skin'' structures . Generally, the size of reticulations in mat growth structures is closely related to the maturity of mat development. As mat growth continues, the growth-related reticulations become smaller (Eriksson et al. 2007b , Shi et al. 2008a ).
MORPHOLOGIC ASSOCIATION AND DISTRIBUTION OF MISS
The Proterozoic siliciclastics in the Lushan area have been interpreted as deposits from coastal environments with or without a sand sheet covering the bedding plane indicates a petrified microbial mat (white arrows), Yunmengshan Formation; (F) multidirected ripple marks on bedding plane of upper intertidal sandstone, Beidajian Formation; (G) schematic diagram showing the patches with multidirected ripple marks in photograph D. In general, the earlier-generation patch is more easily destroyed and is therefore proportionally smaller in area. Within each generation of patches, the ripple marks have the same direction. However, some ripple patches are partially weathered, so it is difficult to differentiate the generation of ripple patches in this photograph. (H) Mat-smoothed ripple marks on bedding plane of lower supratidal fine-grained sandstone, Yunmengshan Formation. barrier island system (Zhou et al. 1998 , Wang et al. 2000 . In both depositional systems, MISS are well developed. However, in coastal environments with barrier islands, due to restricted hydrodynamic conditions in lagoon and tidal flats, MISS are more morphologically diversified. For example, spindle-shaped, bird-foot-shaped, and reticulate sand cracks are all present in the proximal side of the tidal flat, but only spindle-shaped sand cracks were observed in upper intertidal environments. In addition, in lower intertidal to upper subtidal zone of the barrier-island system, in situ mat remnants were observed, but in wave-dominated shoreface environments, no in situ MISS, except redepositional mat chips, were found. In tidal flat environments of the barrier-island system, less frequent hydrodynamic destruction leads to the growth of thicker and spatially more extensive microbial mats, forming morphologically diversified MISS. The following sections discuss the morphological associations of MISS in tidally influenced facies zones found from the Mesoproterozoic and Neoproterozoic succession in the Lushan area.
Upper Subtidal to Lower Intertidal Zone
In the study area, sediments in the upper subtidal to lower intertidal zone are characterized by gravel-bearing, fine-to coarse-grained quartz sandstone, with well-developed low-angle and bidirectional crossbedding (Fig. 4A) . Sediments below this zone are mainly of graygreen shale and siltstone, often with horizontal bedding. The upper subtidal facies is mainly of fine-grained quartz sandstone with smallscale cross-bedding, while the lower intertidal facies is typically of medium-to coarse-grained quartz sandstone, with well-developed lowangle to bidirectional cross-bedding and ripple marks.
In this zone, redeposited mat chips are quite common, but rarely with in situ MISS recognizable. The absence of in situ MISS in this zone and below is a noteworthy phenomenon. One of the reasons might be the strong and persistent hydrodynamic destruction and relatively high depositional rates. In these environments, only thin microbial mats or biofilms can grow, and they may be broken or destroyed by high tidal or storm events (Gerdes et al. 2000 , Noffke et al. 2008 . Similar examples have also been reported from subtidal to lower intertidal deposits of the Archean Nhlazatse Group in South Africa (ca. 2.9 Ga; Noffke et al. 2008) and from the modern tidal flat of Mellum Island in southern North Sea (Noffke and Krumbein 1999) .
Upper Intertidal Zone
Sedimentary rocks in this zone consist of medium-grained sandstone, intercalated with subordinate silty shale. Abundant MISS are found in this facies zone, including multidirected ripple marks (Fig.  4F, G) , mat-protected ripple marks (Fig. 4E) , as well as redeposited and some in situ mat chips (Fig. 4C) . Microbial mats in the upper intertidal zone commonly form thin layers (a few millimeters thick) partially covering sediment substrates. Due to mixed sediment supply, microbial mats covered by sediments deposited during storm events may not be able to protrude upward through the sediment cover, preventing growth of thick microbial mats (Noffke et al. 2008 ). In such environments, wave ripples covered by microbial mats may not be significantly flattened and may preserve their primary morphology with or without a thin fossilized mat on the surface. Wave ripples partially covered by thin microbial mats are common in the upper intertidal zone of Mellum Island (Noffke and Krumbein 1999) . When microbial mats are protected from hydrodynamic destruction, thick microbial mats may form locally. When recorded in rocks, they are expressed as in situ mat chips and multidirected ripple marks, such as those reported from the Archean sandstone in South Africa (Noffke et al. 2008 ). Most of the in situ mat chips and fossilized mats on surfaces of the ripple marks from the studied interval in Lushan area (e.g., Fig. 4C , E) are thin (1-3 mm), indicating frequent destruction of microbial mats during deposition.
Lower Supratidal Zone
Lithologies dominated in this facies zone are fine-to mediumgrained sandstone interbedded with thin mudstone layers. Abundant and well-preserved ripple marks and mud cracks are found, but crossbedding are rare. Diversified sand cracks and in situ fossilized mats (Fig. 4H ) have been identified in this facies. The fossilized mats are thick and were likely formed by epibenthic microbes colonizing on the sedimentary substrate (Noffke et al. 2008 ). Thick microbial mats may have smoothed the depositional surface and protected sediments underneath from erosion, in cases flattening the original depositional structures (such as ripple marks) and making them difficult to identify from the bedding plane (e.g., Fig. 4H ).
It is generally thought that the lower supratidal zone is the best place for microbial communities to colonize (Gerdes et al. 2000 , Noffke et al. 2003 , Noffke 2005 , Gerdes 2007 . Because this zone is beyond strong hydrodynamic influence for most of time, except for abnormal high tides and storms, microbial mats can grow without frequent destruction. The optimum moisture level in surface sediments maintained by capillary water in this zone is also a prerequisite for thick epibenthic mats to develop. In addition, sufficient translucent sediments (e.g., eolian quartz sand) and slow deposition rate also provide favorable conditions for the formation of thick microbial mats. Thus, in the lower supratidal zone, mat layers up to several centimeters in thickness often develop. In the Lushan area, the most abundant and diversified MISS are found in this facies zone, consistent with observations from the modern peritidal environments in Mellum Island (Noffke and Krumbein 1999) and the coastal zones of Tunisia (Noffke et al. 2001b) , Bahamas (Hardie 1977) , and Texas (Bose and Chafetz 2009) . They are also in good concordance with the optimum facies zone recognized for MISS in the Mesoproterozoic strata of the Helan Mountain area (Shi et al. 2008a) , western North China Platform.
Upper Supratidal Zone
The lithologies in the upper supratidal zone are mainly purple mudstone and shale, with some muddy siltstone and fine-grained sandstone beds. Mud cracks and salt pseudomorphs are present in the mudstone. Several mat growth ridges and, slender polygonal reticulate and dendritic sand cracks have been observed in this zone (Fig. 6B) . Similar to those in the lower supratidal zone, mat destruction structures in the upper supratidal zone are also predominated by sand cracks, but they are morphologically simpler. Slender reticulate and dendritic sand ridges (Fig. 6C, D) are the most common types. They are millimeters in width and tens of centimeters in length, showing no clear orders of branching and generations. In addition, the morphological features of sand cracks in this zone are also different from those in lower supratidal zone. In this zone, sand cracks generally cut into the underlying mudstone with clearly U-shaped ends (a character different from mud crack; see Fig. 6C, D) . This type of sand crack is especially well developed in interbedded sandstone and mudstone beds of the upper Yunmengshan and Baicaoping formations.
DISCUSSION
Major Factors Controlling Mat Development
The study of microbial mats in modern coastal environments shows that the humidity in the shallow subsurface sediments and reduced metazoan grazing are critical for mat development (Gerdes et al. 2000 , Shi et al. 2008a , Bose and Chafetz 2009 . From lower to upper supratidal environments, mats show a general tendency of thinning landward because of decreased moisture, which exerts a great influence on mat growth rate. Meanwhile, increased metazoan grazing and mat decomposition would greatly reduce the chances for mat preservation. For instance, in the peritidal areas of Mellum Island and Tunisia, the thickness of mats decreases steadily toward the upper supratidal zone (Gerdes et al. 2000) , coincident with those observed from the Proterozoic strata in western Henan. Large spindle-shaped sand cracks or broad sand ridges are rarely seen in the upper supratidal facies zone. This may imply that in the upper supratidal zone, the lack of moisture prevents the growth of thick microbial mats and the formation of large and morphologically complex sand cracks.
Before the metazoan evolution in the Ediacaran period, environmental factors, such as hydrodynamic condition, depositional rate, illumination, moisture in sediments, and subaerial exposure of sedimentary substrates, would be the major controls on mat growth. In the subtidal-lower intertidal zone, due to strong hydrodynamics, microbes can hardly form thick mats but rather generate biofilms enclosing particles within shallow sediment layer (Noffke et al. 2008) . For this reason, the in situ MISS (especially those related to mat destruction) are rarely seen in this zone. Depositional rate controls the development of mats considerably. Since a relatively long time (at least 1-2 weeks) is generally needed for microbial communities to generate preservable mats under adequate conditions, if the depositional rate is high, only thin biofilms can be formed (Gerdes 2007) . Similarly, illumination also exerts influences on mat growth. Moisture level in the shallow sediment layer is one of the key factors controlling distribution and activity of microbes. Microbial mats can hardly form without adequate moisture. Therefore, the thickest mat layers often occur in the lower supratidal zone, while thin microbial mats are typical in the upper supratidal zone. Intermittent exposure is one of the basic prerequisites for the generation of sand cracks and other destructive MISS; hence, no sand cracks exist in environments below the lower intertidal zone. Previous study has shown that MISS are often preserved in the transitional horizons between prograding and retrograding successions, and they are usually confined to a particular facies (especially abundant in the intercalations of thin-bedded sandstone and mudstone) (Noffke et al. 2006a) . This is in good agreement with observations from the Mesoproterozoic and Neoproterozoic strata in the Lushan area.
The relationship between MISS and sedimentary facies suggests that hydrodynamic condition, depositional rate, humidity in shallow sediments, and intermittent exposure were the main factors controlling MISS distribution in the Proterozoic. All of these seem to have been closely related to the paleobathymetry in coastal environments. The morphological associations of MISS depend largely on the features of microbial mats and the major geological processes that have generated them. Therefore, study of MISS morphological associations and their forming mechanisms may provide important information for paleoenvironmental analyses and paleogeographic reconstructions.
Spatial Distribution of MISS
The MISS morphological association shows a close relation with sedimentary facies in coastal environments. Generally, the supratidal zone is dominated by various mat shrinkage cracks; the intertidal zone is characterized mainly by mat chips and some incomplete shrinkage cracks; while in the subtidal zone, in situ MISS are rare, with only occasional redeposited mat chips. Some of the characteristics of MISS in coastal environments of different regions and ages have been documented in the previous studies (Gerdes et al. 2000; Noffke et al. 2001b Noffke et al. , 2008 Sarkar et al. 2005; Shi et al. 2008a; Bose and Chafetz 2009 ), but the relationship between morphological associations of MISS and paleobathymetry in ancient sediments has not been described in detail. Based on our study of the Proterozoic MISS from western Henan province, the MISS in siliciclastic-dominated peritidal environments can be summarized into four morphological zones in relation to paleobathymetry and sedimentary facies (Fig. 7) .
MISS Zone I extends roughly from the upper subtidal to lower intertidal zone. In this zone, the MISS are characterized by some redeposited mat chips and deformed wrinkles but lack typical sand cracks, especially fully developed ones. Due to the strong hydrodynamics and rare substrate exposure, mats can hardly grow into thick layers and commonly exist as discrete biofilms stabilizing sediment substrates.
MISS Zone II corresponds approximately to the upper intertidal zone and is dominated by mat-protected, multidirected ripple marks and mat chips. In comparison with MISS Zone I, less hydrodynamic destruction and more frequent but short substrate exposure periods in this zone allow microbes to form widespread thin mats, allowing the formation of mat-protected multidirection ripple marks and some incomplete shrinkage cracks. During the spring high tidal and storm periods, however, mats can be destroyed and broken into fragmented chips.
MISS Zone III covers mainly the lower supratidal environment and is marked by various types of sand cracks. Weak hydrodynamics and sufficient moisture provided by capillarity and spring tides (Gerdes 2007) allow the growth of thick microbial mats. In addition, frequent substrate exposure provides a favorable condition for MISS formation. Within this zone, spindle-shaped and sinuous cracks are more common in lower places toward the intertidal zone; irregular polygonal and reticulate cracks mostly occur in higher places toward the upper supratidal zone; and bird-foot-like cracks are seen in the middle. Sand cracks with ridges of high positive relief are commonly observed in the middle part of the lower surpratidal zone.
MISS Zone IV largely corresponds to the upper supratidal zone. Due to the lack of moisture and long period of exposure in this environment, microbial mats are not well developed and are easily decomposed prior to burial. Small sand cracks and some mat growth structures are the main MISS types in this zone, which are often observable at the transition between sandstone and mudstone.
We compared the MISS distribution in the Proterozoic tidal flats in the study area with that in modern tidal flats ( Table 2 ) and find that they are very similar. However, in the study of Bose and Chafetz (2009) , mat chips are present only in locations right below the lower upper intertidal zone, while in our study, mat chips are found from subtidal to upper intertidal areas. The broader distribution of mat chips may record higher hydrodynamics in the Proterozoic tidal flats or superposition of multiple generations of tidal-flat facies.
CONCLUSION
The Mesoproterozoic and Neoproterozoic succession in the southern North China Platform (western Henan Province) consists of siliciclastic lithologies that were mainly deposited in peritidal environments. Abundant MISS, especially those related to mat destruction, are found in tidal-flat deposits of the succession, including multidirected ripple marks, mat chips, spindle-shaped cracks, bird-foot-like cracks, irregular polygonal and reticulate cracks, and mat-protected ripple marks. In addition, some reticulate mat growth ridges are also identified from the upper supratidal deposits. The abundance of MISS in Mesoproterozoic and Neoproterozoic tidal flats indicates pervasive microbial colonization in siliciclastic coastal environments of the southern North China Platform. The MISS in the Proterozoic tidal flats show strong morphological zonations related to paleobathymetry and distance from the ancient coastline. The morphological zonation of MISS is probably controlled by the texture and property of mats, and the geological processes through which MISS are formed. The zonation may also reflect changes in the substrate properties from which the microbial mats grew and in the hydrodynamics of microenvironments. Our study indicates that the lower supratidal zone is the optimum zone for mat growth and formation of diversified MISS. The morphology and distribution of MISS were mainly controlled by hydrodynamic conditions, moisture level in mat-growing substrate, and duration of subaerial exposure, all of which may have been related to the paleobathymetry in coastal environments. Hence, the morphological association of MISS can be used as a tool in facies analysis of Precambrian successions because it marks the approximate position of ancient coastlines.
Four MISS morphological associations can be identified from the Proterozoic tidal flats of the southern North China Platform. These morphological associations are similar to those found in modern siliciclastic coastal environments. The similarities in MISS between modern and Proterozoic tidal flats suggest that the MISS morphological associations can be used for paleogeographical and paleoenvironmental reconstructions, especially in Precambrian siliciclastic successions. 
